The diffusion of molecular hydrogen (H 2 ) on a layer of graphene and in the interlayer space between the layers of graphite is studied using molecular dynamics computer simulations. The interatomic interactions were modeled by an Adaptive Intermolecular Reactive Empirical Bond Order (AIREBO) potential. Molecular statics calculations of H 2 on graphene indicate binding energies ranging from 41 meV to 54 meV and migration barriers ranging from 3 meV to 12 meV. The potential energy surface of an H 2 molecule on graphene, with the full relaxations of molecular hydrogen and carbon atoms is calculated. Barriers for the formation of H 2 through the Langmuir-Hinshelwood mechanism are calculated. Molecular dynamics calculations of mean square displacements and average surface lifetimes of H 2 on graphene at various temperatures indicate a diffusion barrier of 9.8 meV and a desorption barrier of 28.7 meV. Similar calculations for the diffusion of H 2 in the interlayer space between the graphite sheets indicate high and low temperature regimes for the diffusion with barriers of 51.2 meV and 11.5 meV. Our results are compared with those of first principles. © 2013 AIP Publishing LLC. [http://dx
I. INTRODUCTION
The study of carbon-based materials, especially those with sp 2 hybridization, such as graphite, carbon nanotubes, fullerene, and graphene has attracted a lot of attention in recent years and consequently a great deal of progress has been made. [1] [2] [3] [4] [5] [6] The discovery in 2004 7 that a single layer of graphite (graphene) could be stable, resulted in renewed interest in carbon materials. From a scientific standpoint, this new system provides an ideal environment for research in two dimensions, such as catalytic processes, surface diffusion, novel electronic properties, and molecular hydrogen formation from chemisorbed atomic hydrogen. Graphene is thought to be able to trap H atoms more effectively than graphite on account of the different phonon spectrum. 8 From a technological standpoint, graphene is a suitable material for gas storage (specifically hydrogen) 9 and its semimetal nature could allow it to change into a semiconductor, with a desired band gap, when saturated by hydrogen. 10 An important property of a graphene layer is the uniformity of its surfaces, as any hydrogen adsorbed onto one side could be re-adsorbed onto the other side without any significant change to its environment. One possible route for the adsorption of molecular hydrogen on graphene is that it will first physisorb and then dissociate into chemisorbed atomic hydrogen. Insight into the relation between molecular hydrogen physisorption and atomic hydrogen chemisorption could shed light in the study of hydrogen storage materials. In such cases, one should not only consider atomic hydrogen but also a) Author to whom correspondence should be addressed. Electronic mail:
karimi@iup.edu molecular hydrogen that is physisorbed to those surfaces. [11] [12] [13] In the study of diffusion of H 2 in graphite, the experimental techniques seem to probe its diffusion only in the regions confined to the boundaries of the crystal and, therefore, a simulation technique that probes the interlayer space is important.
The interaction of hydrogen atoms/molecules with the graphite surface or with graphene has been studied experimentally and theoretically. 14 Using atomic and molecular hydrogen beams the bound states of the atom/molecule-graphite laterally averaged potential were measured. The ground state energies of 31.6 meV and 41.6 meV were obtained for atomic and molecular hydrogen, respectively. 15, 16 When hydrogen atoms with higher kinetic energy (∼2000 K) are used, hydrogen atoms chemisorb on graphite. 17 DFT calculations show that chemisorption occurs on top of the carbon atoms which pucker out by ∼0.3 Å as a result of the interaction. 18 There is an entrance barrier of about 0.2 eV for hydrogen atoms to chemisorb on graphite. A recent experiment by Areou et al. 19 confirmed the presence of this barrier.
Atomic hydrogen adsorbed on graphite can react with other hydrogen atoms to form H 2 . There are three basic mechanisms: Langmuir-Hinshelwood (L-H), Eley-Rideal (E-R), and "hot atom" (H-A). In the first, hydrogen atoms become accommodated with the surface; they diffuse and upon encountering they form H 2 that might leave the surface in an excited ro-vibrational state. In the second and third mechanisms, an H atom from the gas-phase reacts directly with a chemisorbed H atom, making a bond and leaving the surface as an H 2 molecule in high ro-vibrational state. The third mechanism is similar to the second, but the atom first lands on the surface and maintains a high superthermal kinetic energy.
Eventually it encounters another H atom and forms an H 2 molecule. This problem has generated considerable theoretical work since it is germane to the formation of molecular hydrogen in space, where it occurs on the surface of submicronsized dust grains.
14 Semi-classical trajectory methods 20 and DFT 18, [21] [22] [23] [24] were used to calculate the interaction of H atoms on graphite and graphene 23 via the Eley-Rideal mechanism. Morisset et al., 22 Martinazzo and Tardini, 25 Bonfanti et al., 26 and Ferullo et al. 27 using DFT calculated the physisorption and diffusion of H atoms, and the formation of H 2 from physisorbed hydrogen atoms. Arelliano et al. 28 used DFT to study the physisorption of H 2 on graphene.
In this paper, we report on a study of the formation of an H 2 molecule from hydrogen atoms physisorbed on graphene, and the energetics and diffusion of molecular hydrogen on graphene and in graphite. We use methods that allow for the calculation of processes that would be very complex and timeconsuming using first principle approaches, yet they still retain the main features of the H-graphene/graphite interaction. We employ molecular dynamics (MD) and molecular statics (MS) 29 in conjunction with the semi-empirical AIREBO potential. 30 This paper is organized as follows: In Sec. II, computational techniques are presented. In Sec. III, our results are summarized and finally in Sec. IV a summary of the important findings is given.
II. SIMULATION TECHNIQUES
The first principles approaches are, in general, very accurate but have the limitation that they are computationally intensive and as a result a large system cannot be simulated. The classical approaches are computationally less intensive at the cost of sacrificing accuracy. Using a semiempirical potential model which is fit to results from first principles as well as experimental data is a compromise, because it can capture essential physics with reasonable accuracy and time. The calculations in this paper are achieved using the classical molecular dynamics code LAMMPS (Largescale Atomic/Molecular Massively Parallel Simulator). 31 The interaction between hydrogen and carbon atoms was modeled using the AIREBO potential 30 and was implemented in LAMMPS. The AIREBO potential is a semi-empirical model, based on the Tersoff potential and is widely used in MD simulations of carbon-hydrogen systems. The AIREBO potential has the capability of modeling the bond formation, bond breaking, and various hybridizations in carbon-hydrogen systems. In fact, one of the attractions of AIREBO potential is that it could describe chemisorption and physisorption properties of atomic and molecular hydrogen to the carbon based materials.
The computational box that includes graphene had an orthorhombic shape with periodic boundary conditions in all three directions. The graphene layer makes a rectangle of dimensions x × y ≈ 79 Å × 68 Å that includes 2048 atoms with its x and y sides oriented along the simulation box. The graphene layer is located at z = 0, and a periodic length of 8 Å is considered along the z-direction perpendicular to the graphene layer. For the simulation of H 2 in graphite, the computational box included two layers with a total of 1024 carbon atoms. Periodic boundary conditions were invoked along the x and y directions. Four corner atoms of each layer of graphite were frozen along the x and y directions (to prevent layers from shifting) but allowed to relax along the z direction. The simulations were performed using an NVT ensemble. A Berendsen 32 temperature control, with a temperature relaxation parameter of 0.1 ps, was employed to regulate the temperature during simulation runs. This thermostat controls the instantaneous system temperature roughly as T avg ± T , where T avg ≈ T desired and T ≈ 0.06T avg . Obviously, a higher desired temperature generates a larger fluctuation T.
Molecular dynamics (MD) and molecular static (MS) techniques are employed to probe the equilibrium and dynamical properties of H 2 on graphene and in graphite. Energy barriers for diffusion, desorption, and dissociation of molecular hydrogen to atomic hydrogen were obtained using the nudged elastic band (NEB) method. 33 Within NEB, a series of system replicas are considered which connect the initial and final configurations on either side of the energy barrier being investigated. These replicas are defined as 3N dimensional points on the system's configuration space and are initially linearly interpolated between the initial and final states. Introducing inter-replica spring forces that connect each atom to its own image in the two most adjacent replicas and minimizing a specific force quantity will result in replica configurations for the minimum energy transition path over the barrier. The force quantity minimized for each replica is a sum of the force due to the interaction potential that is perpendicular to the transition path and the spring force that is parallel to the transition path. NEB calculations were performed with 16-32 system replicas (including the initial and final states), with a force tolerance convergence criterion ranging from 0.1 to 0.001 (eV/Å). LAMMPS also implements a climbing image algorithm in which the replica highest in energy is identified and driven to the top of the energy barrier. Even though NEB was originally applied to the calculation of migration barriers, its applicability has been extended to the calculations of desorption, adsorption, and chemical reaction barriers.
The MD code LAMMPS (in the NVT ensemble) with a time step t = 0.2 fs and a Berendsen temperature control was employed to perform the dynamical calculations. Simulations for H 2 on graphene were performed for temperatures ranging from 40 K to 1000 K. For a given temperature, a typical run included a total of 6 × 10 4 MD steps to bring the system into equilibrium, followed by another 8 × 10 6 MD steps to take averages. For lower temperatures higher simulation times were required to reduce the statistical errors. For example, for a temperature of T = 50 K, a total number of 10 7 MD steps were considered. The trajectories generated by our MD runs were post processed to recognize detachment/reattachment of H 2 from one face of graphene to the other as well as diffusion of H 2 on either side. Because of the periodic boundary condition along the z-direction, many detachment/reattachment events of H 2 from one face to the other were observed. Simulations of H 2 in graphite were performed for temperatures ranging from 90 K to 700 K.
The two-dimensional diffusion coefficient, D, at each temperature can be calculated through the mean square displacement r 2 . 34, 35 Using the following formulas the mean square displacement of H 2 for a time interval, t, can be calculated,
where x and y denote the coordinates of the center of mass of H 2 and n is the number of t intervals averaged over. Calculating r 2 ( t) for numerous time origins ( t, 2 t, 3 t, ...), a discrete sampling of the mean square displacement as a function of time can be found,
In order to calculate D at each temperature, the mean square displacement, r 2 , versus time, t, is plotted and the slope of its linear part is obtained and related to D through
With MD simulations, a time average such as this is commonly utilized rather than an ensemble average as per the ergodic hypothesis of statistical mechanics. It is however important to note that for any finite length simulation the uncertainty in the mean squared displacement increases as the length of the time origin interval increases, unless a fixed n valued is used. This is due to the fact that there are fewer intervals, n, to average over with increasing interval length. The diffusion coefficient, D, can also be related to the temperature, T, through the empirical formula:
where r 0 is the distance to nearest neighbor adsorption sites and γ 0 is the attempt frequency of the diffusing H 2 molecule. A linear fit to the data ln(D) versus 1/T, generated from MD, gives the activation energy E a and pre-exponential D 0 . Another approach for determining E a is to calculate the average lifetime of H 2 on graphene for each temperature. The lifetime is defined as the time interval between an H 2 trapping (adsorbing) and detrapping (desorbing) event. From Eq. (4), one can easily derive the following formula for the dependence of average life time τ on temperature T:
The average lifetime (τ ) at each temperature (T) is then calculated and a linear fit to ln(τ ) versus 1/T will yield the activation energy for detrapping.
A potential energy surface (PES) calculation complements those of migration energy barriers. A PES calculation of H 2 on graphene graphically maps the energy barriers that a migrating H 2 molecule experiences when diffusing along different directions. A surface potential of a single H 2 molecule on graphene, V min (x,y), is obtained by minimizing the potential energy, V(x,y,z,R c ), with respect to z and R c for various values of (x, y):
where x, y, and z are the coordinates of the center of mass of H 2 and R c denotes the 3N coordinates of the carbon atoms of the underlying graphene surface. To find V min (x,y) for a specific point, H 2 is placed at the (x, y) location on the surface and the total potential energy V(x,y,z,R c ), is minimized with respect to z and R c . The procedure is repeated for other points (x, y) on the surface.
In order to gain some insight into the orientation of H 2 in graphite, a probability density f(θ ), where θ is the angle between H-H bond and the graphite layer, is calculated. The function f(θ ) is required to be related to a probability function P(θ ), such that
where P(θ 1 ,θ 2 ), in Eq. (7a) gives the probability for finding an angle between θ 1 and θ 2 and Eq. (7b) is the normalization condition of the probability density. The potential energy V of H 2 molecule (at the equilibrium distance z min ) to various adsorption sites on graphene is obtained using the formula,
where E tot , E sub , and E H2 are the total minimized energies of H 2 plus substrate, substrate, and H 2 , respectively. z min is the vertical equilibrium distance from the center of mass of H 2 to the graphene layer provided that all the energies are minimized.
III. RESULTS

A. Static properties of H 2 on graphene
In this section, some equilibrium properties of molecular hydrogen on graphene are calculated. Three adsorption sites of H 2 on graphene; H (hollow site), T (top site), and B (bridge site) are investigated. Several orientations of the H 2 molecule with respect to the graphene surface are considered at each adsorption site, as presented in Figure 1 . In configurations H1, H3, B2, B3, T1, and T2, the axis of the H 2 molecule (H-H axis) is parallel to graphene surface. Configurations H2, B1, and T3 correspond to the cases where the H-H axis is perpendicular to the graphene plane. The values of the potential energy and vertical distances of H 2 (distance from the center of mass of H 2 to the graphene surface) for these various sites are obtained using (8) and reported in Table I along with the first principles calculations of Costanzo et al. 37 For comparison with the first principle results, zero point energies E 0 and binding energies E B are calculated, for all the adsorption sites, and reported in Table I . The full adsorption potentials of H 2 to the H1, B2, and T2 adsorption sites are also calculated using NEB and presented in Figure 2 . It is worth mentioning that the horizontal axis of Figure 2 is the reaction coordinate. This is a measure of the distance along the reaction pathway from the initial state "0" to final state "1," rather than an actual H 2 -graphene separation distance. Energies at the po- tential minima and distances of the H 2 center of mass from the graphene sheet for sites H1, B2, and T2 are (54.3 meV, 2.97 Å), (52.2 meV, 3.02 Å), and (51.4 meV, 3.04 Å), respectively. The zero point energy is calculated to be 11.1 meV at the hollow site using a harmonic approximation. These values are in very good agreement with the value of the potential minimum (51.7 meV) of the laterally averaged potential deduced from measurements of the H 2 scattering from graphite. 16 The measured ground state is at 41.6 meV and the zero-point energy is 10.1 meV. 16 The additional layers when comparing graphite vs. graphene increases the well depth by a couple of meV. From Figure 2 , it is also observed that there is no barrier to the adsorption of H 2 molecule to these sites. Our results for the potential minima are in agreement with those for the binding energies of Costanzo et al. 37 The calculations of Costanzo et al. 37 are DFT-based with van der Waals corrections and give a well depth of 54 meV (H 2 ) and a zero-point energy of 6 meV.
Migration energy barriers of H 2 from various initial to final states are calculated using the NEB method and are reported in Table II . The calculation of migration energy is described pictorially in Figure 3 . Forward energy barriers, E → , of the molecular hydrogen migrating from initial state on Initial the left to the final state on the right are presented in Figure  3 . Reverse energy barriers, E ← , for the migration of molecular hydrogen from final to initial state were extracted and reported as well. The main difference between the two depicted migrations in Figure 3 is that the orientation of the migration direction of H 2 is perpendicular to the colored C-C bond in the top of Figure 3 but parallel to the colored C-C bond in the bottom of Figure 3 . The notation introduced in the binding energy section is adopted to represent the initial and final states of H 2 on graphene in Table II . Our result for the migration energy of configuration 1 in Table II is in close agreement with the value of 14 meV reported by Arellano et al. 28 A value of 10 meV is reported, for the migration barrier of H 2 on graphene, by Costanzo et al. 37 using DFT calculations that include van der Waals interactions. Furthermore, based on the migration energy barriers, it seems that H 2 on graphene is very mobile at room temperature.
In Figures 4 and 5 , two potential energy surfaces (PES) of H 2 on graphene are presented. The axis of the H 2 molecule is parallel to the graphene surface and oriented either parallel (Fig. 4) or perpendicular (Fig. 5) to the C-C bond colored in the top portion of Figure 3 , as indicated in the lower left corner of each figure. For both calculations, the carbon atoms are permitted to fully relax; however, the relaxation of the molecular hydrogen is constrained in order to maintain the proper orientation with the C-C bonds. From our calculations of migration energy barriers of H 2 on graphene, it is observed that the orientation of the H 2 molecule has a large effect on the barriers. A more realistic potential energy surface of H 2 on graphene should therefore include the orientations of the molecule that minimize the energy at a specific point on the surface. It is worth noting that the six circular rings in the potential energy surface graphs represent the position of carbon atoms in graphene.
In Figure 6 , we have recalculated the PES with the orientational constraints on H 2 lifted, restoring degrees of freedom in the molecule's inclination and azimuthal angles while continuing to hold the x CM and y CM coordinates fixed. This was achieved by a simulated annealing technique 38 that could be summarized in the following steps; first, a small square portion of the graphene surface including a carbon hexagon ring was considered and divided into a grid of 41 by 41 units or a total of 1681 cells; second, the (x CM , y CM ) coordinates of the CM of an H 2 molecule were frozen in the center of the first cell and z CM as well as the two hydrogen atoms of H 2 and the carbon atoms of graphene were allowed to relax; third, using a NVT-MD run and the Berendsen thermostat the system was heated to about 10 K using 6 × 10 4 MD steps and then all the kinetic energy was drained in 2 × 10 5 MD steps using a drag force -γ v, where γ = 0.0005 eV * ps/Å 2 . The process is then repeated for the rest of the 1680 cells. The simulated annealing technique allows the system to evolve over the energy barriers of the local minima and reach the global minimum configuration. In comparing Figure 6 with Figures 4 and 5 , it is evident that the included relaxations due to the change in H 2 orientation have not significantly altered the PES. This is an indication that the constrained H 2 orientations used in the two initial PES calculations (Figs. 4 and 5) , i.e., with the H 2 parallel to the surface, were very close to those lowest in energy. This is supported by the binding energy calculations which showed that the orientations lowest in energy occur when H 2 is aligned along the graphene surface. When comparing the minimum configurations obtained at each grid point by the two methods (constrained minimization and annealing), the only additional relaxations that occurred via simulated annealing were rotations about the azmithal angle, with the H 2 remaining flat on the surface. Rotations associated with this degree of freedom, which cause very small changes in energy, restore the expected symmetry of the PES (Fig. 6) , as each of the top, bridge, and hollow sites are equivalent.
The formation of molecular hydrogen through the Langmuir Hinshelwood (L-H) 22, 26 mechanism is obtained by conducting three NEB runs with the appropriate initial and final states. The initial states of molecular hydrogen are para, meta, and nearest neighbor hollow sites (H), and the final states are H3, H3, and B3. Initial and final states for these three configurations are presented in Figure 7 . Formation energies of molecular hydrogen from atomic hydrogen physisorbed at para, meta, and hollow sites on graphene are 3.17 meV, 1.54 meV, and 5.44 meV, respectively. Morisset et al., 18 based on a 3D wave packet calculations, showed that within a collision energy range of 2-50 meV, there exists a high probability for the formation of H 2 through the L-H mechanism. Furthermore, our calculation of molecular hydrogen formation through chemisorbed atomic hydrogen resulted in high barriers that make the formation of molecular hydrogen through the chemisorption of atomic hydrogen very unlikely. 
B. Dynamical properties of H 2 on graphene
A histogram of the orientation of H 2 on graphene is plotted in Figure 8 for a 1600 ps simulation at 100 K where the angular orientation was recorded every 2 fs. A sharp peak with narrow width at θ = 0 indicates that molecular hydrogen is most frequently found oriented parallel to the graphene surface, i.e., θ = 0 plus or minus a few degrees is the most probable orientation. The other H 2 orientations occur with about the same frequency, and therefore the probabilities of finding H 2 in any other orientation are all about the same. A NEB calculation was performed in order to probe the barrier to rotation at the hollow site. The energy barrier for H 2 rotating from θ = 0 to θ = π /2 (i.e., H1 to H2) was calculated to be 9 meV.
Trajectories of unwrapped coordinates of the center of mass of the H 2 molecule on graphene are generated using NVT-MD runs at various temperatures. Two dimensional diffusion coefficients of H 2 on graphene, at temperatures ranging from 40 K to 100 K, were obtained using Eqs. (1)- (3) and reported in Table III . A plot of the logarithm of the diffusion coefficient versus the reciprocal of temperature is shown in Figure 9 . A linear fit to the data of Table III results in a diffusion activation energy barrier E a = 9.8 meV and a pre-exponential D o = 3276(Å 2 /ps). Our energy barrier of 9.8 meV is in reasonable agreement with our zero temperature results and the corresponding values of 10 meV and 14 meV of Costanzo et al., 37 respectively. The attempt frequency was calculated using Eq. (4), (γ o = 4D o /r o 2 ), which yields a value of γ 0 = 6.5 × 10 15 s −1 . For a typical adatom the attempt frequency is regularly cited as of the order of 10 12 -10 13 s −1 . This discrepancy is attributed to the low mass of H 2 which is several orders of magnitude smaller than for a typical adatom. The neglect of quantum effects such as tunneling, which is expected to be relevant here due to the small mass and E diff especially at low temperatures, could further increase the diffusivity of H 2 .
Several NVT-MD runs on a graphene layer with periodic boundary conditions in all three directions generated equi-TABLE III. (a) Data for molecular hydrogen diffusion on graphene; (b) data for molecular hydrogen lifetime on graphene; and (c) data for molecular hydrogen diffusion in graphite. librated trajectories at temperatures ranging from 250 K to 1000 K. Average lifetimes of H 2 on graphene at these various temperatures are calculated and reported in Table III . The periodic boundary condition along the z-direction effectively extends the simulation, allowing a sufficient number of trapping and detrapping events to occur during a single run for the calculation of the mean lifetime at each temperature. A graph of the logarithm of the average lifetime versus the reciprocal of the temperature is shown in Figure 10 . A linear fit to the data of Table III results in an activation barrier of 28.7 meV and a pre exponential τ 0 = 1.52 ps. The activation barrier obtained from the on-surface lifetime of molecular hydrogen is assumed to be equal to the detrapping (desorption) activation barrier. This is because the inverse of hydrogen lifetime is equal to detrapping/trapping jump frequency. The obtained desorption barrier is about half of the one obtained from the static calculations performed in Sec. III A. As can be seen from Table III , an increase in the temperature of the simulation resulted in a decrease in the average lifetime. This is consistent with the findings of Borodin et al. 36 for atomic hydrogen on graphene. 
C. Dynamical properties of H 2 in graphite
The angular probability density f(θ ), in the case of H 2 in graphite, is approximated with a Gaussian. In Figure 11 plots of f(θ ) versus θ are presented for three temperatures: 100, 300, and 700 K. The densities have a maximum at θ = 0
• and a minimum at θ = ±90
• . Furthermore, as the temperature increases the density becomes wider and less peaked. These results are consistent with those given by Herrero et al. 35 The probability densities indicate that the most likely orientation of H 2 is parallel to the graphite layers. However, in contrast to the single graphene layer result, the peaked nature of the density indicates that angles different from zero are not all equally likely to occur, those angles closest to zero are more probable.
NVT molecular dynamics simulations of H 2 in the interlayer space of a graphite system were performed, as described in Sec. II. Using Eqs. (1)- (3), the diffusion coefficients at various temperatures, ranging from 90 to 700 K, are calculated and reported in Table III . The relaxation of the carbon atoms was found to have a substantial impact on the diffusion of H 2 in the graphite interlayer space. Freezing all the graphite degrees of freedom reduces the H 2 diffusion coefficient to the point that no diffusion jumps were detected in 1600 ps simulations, even at the highest temperature considered (700 K). In static calculations (0 K), where the carbon atoms are allowed to relax, the interlayer separation was calculated as 3.44 Å and 3.39 Å with and without the presence of H 2 , respectively. The increase in the presence of H 2 is due to the significant corrugation that occurs in the layers near the molecular hydrogen. The average interlayer spacing was also calculated during the MD simulations for each temperature. This separation increases linearly with temperature over the entire temperature range (90-700 K).
A graph of ln(D) versus 1/T along with linear fits to the data of Table III are presented in Figure 12 . An interesting feature of Figure 12 is that a single line alone cannot fit all the data points. On the other hand, two lines with different slopes can accurately fit all the data points. These high and low temperature regimes occur at temperatures above or below ∼155 K, respectively. The lines fitted to high and low tem- perature data resulted in activation energies, pre-exponentials, and attempt frequencies of (E a = 51.2 meV, D o = 195 Å 2 /ps, γ 0 = 3.9 × 10 14 s −1 ) and (E a = 11.5 meV, D o = 10 Å 2 /ps, γ 0 = 2 × 10 13 s −1 ), respectively. These activation energy barriers are larger than the value calculated for H 2 on graphene. We believe the reason for this increase in energy is due to stronger bonding that occurs when H 2 is located between graphite layers as opposed to on the surface of a single graphene layer. One observes that the diffusion coefficient of an H 2 molecule in graphite is, in general, smaller than the one on graphene. For example, at a temperature of T = 100 K, values of 2.97 Å 2 /ps and 1.08 × 10 3 Å 2 /ps are obtained for diffusion of H 2 in graphite and on graphene, respectively. This is expected because H 2 is more strongly bonded to the graphite layers than to a single layer graphene. Our general trend for diffusion of H 2 in graphite is similar to the result of Herrero et al. 35 In order to investigate the change in slope present in the Arrhenius plot of Figure 12 , the trajectory of the diffusing H 2 was analyzed for various temperatures in the low and high temperature regimes. Figure 13 depicts the typical behavior observed for one temperature in the low (90 K) and high (700 K) regimes. At low temperatures, the H 2 follows the structure of the graphite layers, diffusing along the hexagon rings (C-C bonds). The majority of the diffusion jumps go from a bridge site, to a neighboring top site, then again to a neighboring bridge site, and so on. At the high temperatures, this diffusion behavior is no longer reflected in the H 2 trajectory. Jumps consist of the molecular hydrogen traveling relatively long distances colliding with the graphite sheets and changing direction before briefly attaching to a particular site. At high temperature the trajectory is more consistent with that of the Brownian motion of a free gas particle. This indicates two distinct diffusion mechanisms or behaviors at low and high temperatures, which manifests as the change in slope in the Arrhenius plot. At low temperatures, the diffusion is more local (smaller jumps along C-C) leading to smaller diffusion coefficients (and thus slope) as compared to higher temperatures where the diffusion is less constrained and much longer jumps occur. 
IV. SUMMARY
Several adsorption sites of molecular hydrogen on graphene as well as their orientations with respect to the surface are investigated. Based on our zero temperature calculations, strongest and weakest sites for the molecular hydrogen on graphene are the hollow and top sites, with potential minima of −54.3 meV and −41.6 meV, respectively. These values are in good agreement with estimate of the potential minimum (51.7 meV) obtained from experiments of H 2 scattering from graphite 16 and of experiments of adsorption of H 2 on carbon nanostructures (50 meV). 39 Similarly, a value of −28.7 meV was obtained for the desorption barrier of an H 2 molecule from graphene at finite temperature. Our calculations of migration energies of molecular hydrogen from various initial to final sites, at zero temperature, ranges from 3.7 to 12.3 meV. Similarly, our finite temperature calculation of H 2 diffusion on graphene resulted in an energy barrier of 9.8 meV. All of our surface diffusion barriers are in good agreement with the results given by Farebrother et al. 21 Our surface potentials graphs also complement our calculated energy barriers. The diffusion of an H 2 molecule in the interlayer space between two layers of graphite resulted in values of 51.2 meV and 11.5 meV for the energy barriers for the high and low temperature regimes, respectively. Our diffusion barriers are different than the two values, 200 meV and 100 meV, which were obtained by Herrero et al. 35 using the tight binding method. The formation of molecular hydrogen through the physisorption of atomic hydrogen on graphene is shown to be a likely mechanism for the production of an H 2 molecule. On the other hand, hydrogen atoms chemisorbed on graphene are very unlikely to have the necessary mobility to form molecular hydrogen.
In summary, we have calculated, using classical MD in conjunction with the semi-empirical AIREBO potential, static and dynamical properties of an H 2 molecule on graphene and in graphite. These classical calculations have advantages over those of first principles. They require modest computational resources and van der Waals (vdW) interactions are implemented in the potential. Finally, our results are in reasonable agreement with those of first principles that include vdW corrections and with experiments.
